Flavin adenine dinucleotide (FAD) is a common cofactor in redox proteins, and its reduction potentials are controlled by the protein environment. This regulation is mainly responsible for the versatile catalytic functions of flavoenzymes. In this article, we report computations of the reduction potentials of FAD in medium-chain acyl-CoA dehydrogenase (MCAD) and cholesterol oxidase (CHOX). In addition, the reduction potentials of lumiflavin in aqueous solution have also been computed. Using molecular dynamics and free-energy perturbation techniques, we obtained the free-energy changes for two-electron/two-proton as well as oneelectron/one-proton addition steps. We employed a combined quantum mechanical and molecular mechanical (QM/MM) potential, in which the flavin ring was represented by the self-consistent-charge density functional tight-binding (SCC-DFTB) method, while the rest of the enzyme-solvent system was treated by classical force fields. The computed two-electron/two-proton reduction potentials for lumiflavin and the two enzymebound FADs are in reasonable agreement with experimental data. The calculations also yielded the pK a values for the one-electron reduced semiquinone (FH • ) and the fully reduced hydroquinone (FH 2 ) forms. The pK a of the FAD semiquinone in CHOX was found to be around 4, which is 4 units lower than that in the enzymefree state and 2 units lower than that in MCAD; this supports the notion that oxidases have a greater ability than dehydrogenases to stabilize anionic semiquinones. In MCAD, the flavin ring interacts with four hydrophobic residues and has a significantly bent structure, even in the oxidized state. The present study shows that this bending of the flavin imparts a significant destabilization (∼5 kcal/mol) to the oxidized state. The reduction potential of lumiflavin was also computed using DFT (M06-L and B3LYP functionals with 6-31+G(d,p) basis set) with the SM6 continuum solvation model, and the results are in good agreement with results from explicit free-energy simulations, which supports the conclusion that the SCC-DFTB/MM computation is reasonably accurate for both 1e -/1H + and 2e -/2H + reduction processes. These results suggest that the first coupled electron-proton addition is stepwise for both the free and the two enzyme-bound flavins. In contrast, the second coupled electron-proton addition is also stepwise for the free flavin but is likely to be concerted when the flavin is bound to either the dehydrogenase or the oxidase enzyme.
Introduction
Enzyme cofactors play an essential role in many oxidation and reduction processes in biological systems. In many cases, the redox reactions are directly or indirectly coupled to protontransfer events, and thus, the overall process can be described as a coupled electron-proton-transfer reaction. 1, 2 Consequently, the reduction potentials typically depend on pH, which, in turn, influences the electron-transfer kinetics. 1, 2 Flavoenzymes employ a flavin adenine dinucleotide (FAD) or a flavin mononucleotide (FMN, also called riboflavin 5′-phosphate) as the cofactor Figure  1 , and the 7,8-dimethylisoalloxazine moiety of these cofactors acts as a redox mediator and shuttles between various redox states, formally by electron transfer between the flavin and the substrate. 3 The reduction of FAD in aqueous solution involves two sequential one-electron-and one-proton-transfer reactions, 3, 4 whereas FAD reduction in enzymes can occur via two possible routes, either through a one-electron reduction that produces a radical semiquinone or a full two-electron reduction that yields a hydroquinone. 3 Reactions catalyzed by flavoenzymes include oxidations, dehydrogenations, hydroxylations, and electron transfers. The versatility of this single cofactor arises from the effective tuning of the cofactor's reduction potential by the host protein. The bending of the tricyclic isoalloxazine ring ( Figure  1 ) by the interacting enzyme environment is understood to be the key in such a modulation of the flavin's reduction potentials. 5 Indeed, the midpoint potentials, the pK a values of the products, and the mechanism (stepwise vs concerted additions of electron (or hydride) and proton) of FAD are regulated by the specific interactions of the enzyme in the active site. 1, 2, [5] [6] [7] [8] [9] Computational studies of flavoenzymes can be valuable for understanding the underlying physical principles that control their reduction potentials and activities.
Reduction potentials of small organic molecules, metal ions, and electron-transfer proteins in condensed phases have been calculated successfully by combining electronic structure calculations (such as DFT) with a continuum solvation model or an explicit solvent and enzyme. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In the present study, we employ both approaches to determine flavin reduction potentials. Our main focus is the reduction potential of FAD in medium-chain acyl-CoA dehydrogenase (MCAD), which catalyzes the R, -dehydrogenation reaction of medium-chain (C8-C14) acyl-CoA molecules in the first step of the -oxidation pathway. MCAD has been extensively studied, and the reduction potentials for both one-electron/one-proton and two-electron/ two-proton processes are available experimentally. Recently, the catalytic mechanisms of the R, -dehydrogenation reaction of the short-chain (SCAD) 44 and the medium-chain (MCAD) 45 enzymes have been investigated in these laboratories using a combined QM/MM potential based on the Austin Model 1 46 (AM1) Hamiltonian for the active site and the CHARMM22 (Chemistry at Harvard Macromolecular Mechanics) force field 47 (CHARMM) for the enzyme. In both of these enzymes, we found that the R, -dehydrogenation reaction is a stepwise process involving an initial R-proton abstraction by an active site base (Glu367 for SCAD and Glu376 for MCAD) followed by a hydride transfer from the -carbon of the substrate to FAD. 45 Thus, the catalytic process in these enzymes can be thought of as a combination of two quasi-independent processes, and the factors influencing the flavin reduction can be studied separately from the substrate deprotonation, although we note that the present study is limited to the half-reduction potential rather than the hydride transfer between the substrate and FAD.
To determine the reduction potentials of the FAD cofactor, we have chosen the self-consistent-charge density functional tight-binding [48] [49] [50] (SCC-DFTB) method that has been parametrized against DFT results (in particular, B3LYP) for model systems. Rather than reparameterizing the AM1 model, we took advantage of the findings of a previous study, showing that the SCC-DFTB method can yield excellent results for the singleelectron addition process of FAD in cholesterol oxidase (CHOX). 38, 40 To gain further insight into the role of the enzyme environment, we also studied lumiflavin (LF) as a model for FAD in aqueous solution. LF has the complete flavin moiety, but the 10′-ribose substituent of FAD is replaced by a methyl group. In particular, the free-energy changes are computed for electron and proton reactions of lumiflavin in the gas phase and in aqueous solutions and for FAD bound to MCAD. To check the present computational procedure, we also determined the oneelectron reduction potential of FAD in the active site of cholesterol oxidase (CHOX) for comparison with a previous study. 38, 40 From these calculations, we obtained both standard reduction potentials and pK a values for the FAD semiquinone and hydroquinone in the enzymes.
In section 2, we describe the computational methods, which include free-energy calculations using both implicit and explicit treatment of the solvent. In the implicit solvent calculations, we employed a combination of M06-L and B3LYP density functional methods and an implicit solvent model, Solvation Model 6 (SM6), to compute the free-energy changes of the lumiflavin electron and proton addition reactions in aqueous solution. The free-energy calculations for these electron-and proton-transfer steps of lumiflavin were then repeated with SCC-DFTB both in the gas phase and in aqueous solution, in the latter case treating the solvent explicitly using combined QM/ MM free-energy simulations. The calculations with explicit solvent were then extended to the enzyme systems, in which the flavin moiety of the FAD was treated by the SCC-DFTB method and the solvent modeled by CHARMM. In section 3, in addition to these computational results of both enzyme-bound FAD and unbound lumiflavin in water, we also discuss the effects of the enzyme environment on the standard reduction potential of the cofactor. Section 4 contains concluding remarks.
Methods and Computational Details
2.1. Electronic Structure Calculations. The structure and energy of lumiflavin have been determined in the gas phase by carrying out density functional theory (DFT) calculations with the M06-L 51 and Becke's 3-parameter Lee-Yang-Parr (B3LYP) density functionals [52] [53] [54] with the 6-31+G(d,p) basis set 55 and with the semiempirical AM1 46 and SCC-DFTB [48] [49] [50] methods. The SCC-DFTB model, like the earlier iterative extended Hückel approximation (IEHT), 56 incorporates a self-consistent-field treatment of electron-electron interactions into tight-binding 57 theory, and the electronic polarization is approximated by firstorder perturbation in terms of atom-centered point charges obtained by Mulliken population analysis. 50, 58 Extended Hückel theory has provided major insights into the understanding of chemical reactivity of organic and organometallic compounds; the key difference of the SCC-DFTB model from the iterative extended Hückel is that SCC-DFTB has recently been parametrized [48] [49] [50] 59 to fit properties from B3LYP calculations, providing more quantitative results than those of IEHT.
2.2. Implicit Solvent. The implicit solvent calculations were carried out at 298 K with Solvation Model 6, 60 using the thermodynamic cycle of Scheme 1 33 for electron addition and Scheme 2 61 for proton addition. In these schemes, ∆G o is the standard free energy of reaction either in the gas phase (g) or In the thermodynamic integration simulation of the reduction step, C2′ was chosen as the boundary atom, and the QM/ MM boundary is shown with a box. In the thermodynamic integration calculation of the pK a, the link atom was placed between the C1′ and C2′ atoms.
in aqueous solution (aq), and ∆G S o is the standard free energy of solvation. We used a standard state of a 1 atm ideal gas for gaseous species and a 1 M ideal solution for solutes. In calculating the solvation free energies, we used gas-phase M06-L or B3LYP geometries. In calculating gas-phase vibrationalrotational free energies at 298 K, we used the harmonic oscillator-rigid rotor approximation with unscaled B3LYP frequencies and moments of inertia. The electronic free energy was approximated as -RT ln d, where R is the gas constant, T is the temperature, and d is the electronic degeneracy of the ground state (1 for singlet, 2 for doublets). The contribution of the electron to the standard-state free energy at 298 K is less than 0.02 kcal/mol 62 (1 meV) and was neglected. The calculations were carried out with the Gaussian03 63 and MN-GSM 64 computer programs.
2.3. Standard Reduction Potentials. Standard reduction potentials are usually expressed relative to the standard reduction potential of the normal hydrogen electrode, 65 E°H, which is 4.28 V. 66 Therefore, the standard reduction potential of any of the reduction reactions considered in the article is where n is the number of electrons on the left side of the reaction and F is the Faraday constant, which equals 23.06 kcal mol -1 V -1 .
In aqueous solution, the first reduction of FAD is followed by protonation of the N5 atom; this produces neutral semiquinone (FH • , where F is shorthand for flavin, in this case FAD). 5, 7 The neutral semiquinone is not very stable and rapidly undergoes the second reduction, yielding the fully reduced hydroquinone (FH 2 ). These reduction potentials are strongly pH dependent, 7 and if, at a certain pH, the reduction potentials of the oxidized f semiquinone and semiquinone f hydroquinone steps are denoted by E ox,sq and E sq,rd , then the midpoint potential, E m , can be defined 5, 7 as an average of the two reduction potentials, that is That the electron and proton addition steps are coupled is evident from the significant variations of the observed reduction potential values upon pH changes, and these effects are very well documented for flavin mononucleotide and riboflavin in aqueous solution 67 as well as FAD-bound MCAD. 67, 68 2.4. Stochastic Boundary Setup. Stochastic boundary molecular dynamics 69 were used in which either the model compound LF was immersed in the center of the solvent or the FAD cofactor was embedded in the enzyme active site. Each system was partitioned into three zones, the reaction zone (<24 Å), the buffer zone (24-30 Å) , and the reservoir zone (>30 Å). The reaction zone atoms were completely free and were treated with Newtonian mechanics. The buffer zone atoms were treated by the Langevin equation of motion, with a friction coefficient and a random force imposed on non-hydrogen atoms. From the outer-Langevin boundary toward the inner zone, these friction coefficients as well as the random forces were gradually scaled down and set to zero at the reaction region boundary. The reservoir zone acted like a static force field, providing electrostatic interactions between the atoms in the reservoir region and atoms in the inner region. In addition, to contain the reaction zone, a deformable boundary potential 70 corresponding to a 30 Å solvent sphere was applied to all solvent atoms in the system.
The procedure for setting up the enzyme simulations is the same as that described in our studies 44, 45 on acyl-CoA dehydrogenase catalysis. The protein coordinates of MCAD (PDB code 3MDD) 71 and CHOX (PDB code 1B4V) 72 were obtained from the protein databank. 73 The tetrameric MCAD was used in the present study since it has been well established for this group of enzymes. For CHOX, the coordinates represent a monomer, which was used in all simulations. All crystal water molecules were retained, and hydrogen atoms were added by using the HBUILD module of CHARMM (C32a1). 74 The setup for the enzyme-bound flavin was maintained identical to the one used for simulating the catalytic reaction of this enzyme. 45 All ionic amino acid residues were modeled in a protonation state corresponding to pH 7. Therefore, histidines were treated as neutral residues, and the position of the titratable proton was judged by inspecting hydrogen bonding interactions with the N or Nδ atoms of each imidazole moiety.
For the tetrameric MCAD, atoms of subunits C and D, which fall outside of a 45 Å radius from a chosen geometric center, defined as the average position of the flavin ring atoms, were deleted. The overall charge of the oxidized form of the solvated protein-cofactor complex was neutralized by adding counterions. Flavin is neutral in the fully oxidized state, and thus, the sum of the charges on the quantum mechanically treated atoms (the flavin moiety) and the molecular mechanically treated atoms (rest of the system) is equal to zero. For either electron or proton additions, the change in the charge state occurs only on the quantum mechanically treated atoms (see section 2.5), and the net charge of the molecular mechanically treated region remains the same (i.e., 0) through all simulations. To neutralize the molecular mechanically treated region, in the case of MCAD, a single chloride ion was added, whereas for CHOX, two calcium and one chloride ions were included. These ions were located within 30 Å of the geometric center (defined above). It is, however, significant to note that although the sum of the charges of the molecular mechanically treated region was unchanged in all simulations, the total (quantum mechanical plus molecular mechanical) charges in various spherical regions surrounding the redox active center, in the structures of the solvated protein-cofactor complex generated above, did undergo changes during electron-and proton-transfer processes. As described in the following section, these charges must be accounted for in order to accurately determine the solvation free energies of various redox states.
2.5. Born Corrections. Whereas the implicit solvent calculations include the full polarization effect of the solvent, the explicit-environment calculations involve static solvent in the reservoir zone. Therefore, these calculations require a correction SCHEME 1 SCHEME 2
for polarization effects due to the region that is more than 30 Å from the reaction center. This correction was made using the Born formula 75 If the oxidized solvated enzyme-cofactor complex is designated by F, then the total unbalanced charges computed in this way for F in MCAD are -5 for the 30 Å sphere, +1 for the 45 Å sphere, and 0 for the 65 Å sphere (see Supporting Information  Tables S1-S4 ). The Born solvation free energy is calculated as where, for F,
In order to calculate ∆G Born for each of the electron-and proton-transferred products, in eq 4a, only q 1 , q 2 , and q 3 need to be changed. For each electron and proton addition, the charge decreases and increases, respectively, by unity. Thus, for the anionic semiquinone (F -• ) and hydroquinone (FH -), q 1 ) -6, q 2 ) 0, and q 3 ) -1; for the neutral semiquinone (FH • ) and hydroquinone (FH 2 ), q 1 ) -5, q 2 ) +1, and q 3 ) 0; and for the diionic hydroquinone (F 2-), q 1 ) -7, q 2 ) -1, and q 3 ) -2.
In the CHOX case, there is about 10% protein in the 30-45 Å shell, which carries a charge of -3 (see Supporting Information Tables S5-S7) in the oxidized state of the bound cofactor. We used a dielectric constant of 30 for this region. Then, the solvation free energies for the solvated CHOX-FAD complex were computed by where, for the oxidized solvated protein-cofactor complex, designated by F,
45 Å, and D 2 ) 78. Similar to the MCAD-FAD case, for the monoionic semiquinone (F -• ) and hydroquinone, q 1 ) -4 and q 2 ) -1; for the neutral semiquinone (FH • ) and hydroquinone (FH 2 ), q 1 ) -3 and q 2 ) 0; for the diionic hydroquinone (F 2-), q 1 ) -5 and q 2 ) -2. Then, for any reaction that involves a change in the charge state of the quantum mechanically treated region (the flavin ring atoms, as described in section 2.4), the contribution of solvation free energy was calculated by where P denotes product, and R denotes reactant.
2.6. Molecular Dynamics Simulations. For enzyme-bound complexes, the energy of the active site with the cofactor molecule was first minimized prior to the MD simulations. Initially, the minimization was carried out only with respect to the coordinates of the QM atoms; this was done using 40 steps of the adopted basis Newton-Raphson minimization algorithm. Next, 100 cycles of such minimization were carried out by fixing the QM atoms and all of the atoms beyond 30 Å of the active site center. The enzyme-cofactor complex was further solvated with a water sphere of radius 30 Å following previously established procedures. 45, 69 Water molecules within 2.5 Å of any non-hydrogen atoms were deleted. To relax unfavorable contacts, dynamics simulations were performed for 5 ps. This was repeated to fill in any cavity generated during dynamic relaxation, and the system was further equilibrated by 5 ps of MD simulation.
Molecular dynamics (MD) simulations of the aqueous lumiflavin and the FAD-bound enzyme systems were carried out with the program CHARMM (c32a1). 74 The tricyclic isoalloxazine ring atoms were treated with SCC-DFTB (Figure 1 ), and the rest of the atoms of the cofactor and protein were treated with the CHARMM22 77,78 all-atom force field. Solvent water molecules were treated by the three-point-charge TIP3P model. 79 The nonbonded interactions were truncated using a switching function between 12 and 14 Å, and the dielectric constant was kept at unity. The SHAKE algorithm 80 was used to constrain the bond lengths and bond angles of the hydrogen atoms. A time step of 1 fs was used in the leapfrog Verlet algorithm for integration. 81, 82 In all simulations, the QM/MM boundary consists of a single atom, C2′. This boundary atom was treated either with the generalized hybrid orbital (GHO) method 83, 84 (for electron addition) or by a hydrogen-link atom method 85 (for proton addition).
2.7. Thermodynamic Integration. The free-energy changes for electron and proton dissociations were calculated by the Kirkwood thermodynamic integration scheme. 38, 40, [86] [87] [88] [89] [90] [91] [92] If we define the initial state (electron or proton absent) as λ ) 0 and the final state (electron or proton bound) as λ ) 1, the freeenergy difference between the two states is given as follows where the average 〈‚‚‚〉 λ is over the potential U(λ). A convenient choice for the potential U(λ) that couples the system from the initial to the final state is given by where U i and U f are the potential energy functions of the initial and final state, respectively. Thus, eq 6 becomes the integration of the average in the difference between the two potentials 39 as the coupling parameter varies from 0 to 1
It is important to emphasize that the potential energies, U i and U f , in eq 8 are evaluated in the ensemble corresponding to U(λ). In practice, eq 8 is integrated numerically by carrying out a series of simulations at fixed values of λ. An interesting feature of eq 8 is that energy components are additive and can be separated to probe specific contributions to the overall freeenergy change, although such computations only provide qualitative insight since the numerical results are path dependent. 89 Specifically, in the present study, we use a combined QM/ MM potential to describe the cofactor-enzyme-solvent system, and the total potential energy for state A is given as follows where H°q m (A) is the Hamiltonian of the QM subsystem (e.g., flavin) in the gas phase, U mm is the classical (MM) potential energy of the remainder of the system, H qm/mm (A) is the QM/ MM interaction Hamiltonian between the two regions, and Ψ(A) is the molecular wave function of the QM subsystem optimized for H°q m (A) + H qm/mm (A). Although it is straightforward to substitute the potential energies in eq 9 for the corresponding expressions given by eq 8, it is more convenient to rewrite eq 9 as follows 93 where E°g(A) is the intrinsic (gas phase) energy of an isolated QM subsystem, E°g(A) ) 〈Ψ o (A)|H°q m (A)|Ψ o (A)〉, and ∆U qm/mm (A) is the interaction energy between the QM and MM regions defined as With the energy terms of eq 11, we obtain the following equation for QM/MM free-energy simulations The notation ∆E°g(i f f) specifies the gas-phase energy difference between the initial and final states, and ∆∆U qm/mm -(i f f) is the difference in interaction energies between the initial and final states, both at the instantaneous coordinates of each MD simulation step. The separation of the gas-phase energy term in eq 12 allows high-level energy results to be conveniently used to correct the intrinsic errors in the SCC-DFTB method (see below). The same approach has been described by Cui and co-workers. 40, 92 In the dual-topology, single-coordinate 40, 83, 92 calculations for various electron and proton addition reactions, which are explained in sections 2.8 and 2.9 below, we made a further approximation, namely, that the van der Waals interactions between the QM and MM regions are the same for the initial and final state. This is partly justified by our previous study 45 of the catalytic reactions in MCAD, where it was found that the coordinates of flavin in the MCAD active site did not undergo any major change before and after the catalytic hydride transfer. There was no conformational change in the immediate surroundings of the flavin either, as was demonstrated by the evolution of hydrogen-bonding distances along the whole reaction path. 45 2.8. Free Energies of Electron Addition. Following the work of Cui and co-workers, we used a dual-topology, singlecoordinate approach for the electron-transfer reactions. In this approach, the initial and final states share the same atomic coordinates. Consider the case of electron addition where R shares the same atomic coordinates as O except that it has one more electron. Note that, depending on the reaction, either O or R may be charged (positive or negative) or be neutral. For each electron addition processes, 11 values (for MCAD-FAD) and 6 values (for LF and CHOX-FAD) of λ were used, evenly spaced from 0 to 1, with a combined ∼1.5 ns MD simulation for MCAD-FAD and an ∼1 ns MD simulation for LF and CHOX-FAD. Equation 12 was integrated numerically. The overall free-energy change is given by where ∆G (TI-A) is calculated by eq 12 for reaction A, ∆∆G Born (see section 2.5) is a correction for truncating the dynamical region (reaction zone plus buffer zone) at 30 Å, 75, 76 and ∆G quantal is the correction for quantum mechanical effects given by where where d is the electronic degeneracy, P denotes product, R denotes reactant, R is the universal gas constant, and T is the temperature. We have used the B3LYP results for the gas-phase free-energy difference in the ∆E°g(i f f) term to correct errors in the SCC-DFTB method in eq 12, giving rise to the highlevel correction (HLC) term in eq 13, which amounts to a difference of -7 and -4.8 kcal/mol from the SCC-DFTB treatment of the QM subsystem, as determined for the reactions LF f LF -• and LF -• f LF 2-, respectively (vide infra).
2.9. Free Energies of Proton Addition. Next, consider a proton addition reaction. We will directly simulate only reactions where a proton is added to a negatively charged species as in (see Scheme 3). (Note that free energies for reactions like will later be obtained by adding free-energy changes for reactions of types A and B, with O ) Y and R ) X -).
As illustrated in Scheme 3, in order to calculate the freeenergy change for reaction B, the free-energy changes of the following four steps are needed. In the first two steps, two
separate thermodynamic integrations are carried out, 92 one for and one for where D is a dummy atom, which has no QM interactions with X -but possesses van der Waals interactions. The free-energy changes of these two steps are called ∆G (TI-D) and ∆G (TI-E) , respectively, and are calculated by eq 12. However, in order to calculate the free-energy change of the reaction in eq D, one has to add three correcting terms. The first correction, ∆G corr -(H + ), is to account for the incorrect self-energy treatment of the proton treated by SCC-DFTB 58 and is equal to -141.8 kcal/ mol. The two other corrections are due to the vibration (∆G vib ) and the Born correction (∆∆G Born ), analogous to the electron addition method described earlier.
The free-energy changes for the remaining two steps are known. The free-energy change for converting the gas-phase dummy atom into a gas-phase proton can be taken as 0 kcal/mol, and the free-energy change for the reaction is equal to the standard free-energy of solvation of a proton, ∆G°S(H + ), which is equal to -264.0 kcal/mol 66, 94, 95 at the standard state (1 atm for the gaseous state and 1 mol/L for the solution state).
Then, by Scheme 3, the standard-state free-energy change for reactions of type B is given by where the HLCs are +5.8 kcal/mol for LF 2-+ H + f LFHand -0.3 kcal/mol for LFH -+ H + f LFH 2 .
In carrying out the integral over λ from 0 to 1 (eq 12 for reaction D) in the current studies, we experienced end-point problems for λ ) 1 in the pK a calculation steps. Since the freeenergy derivatives were found to be linear with λ, these endpoint values at λ )1 were obtained from extrapolation.
The dummy atom has the same mass and van der Waals parameters as a proton but has no charge. Thus, at the end state of reaction D, the dummy atom does not have any quantum mechanical electrostatic interactions with A -, although it continues to interact with A -through classical van der Waals interactions. As elaborated in the Li et al. article, 92 to accomplish complete deprotonation, one needs to transfer the dummy atom to the gas phase by removing the classical van der Waals and bonded interactions between the dummy atom and the rest of the system. This is accomplished in step E, for which the freeenergy change, ∆G (TI-E) , has two components, ∆G vdw,D (E) and
, representing the free-energy changes for reaction E due to removal of the van der Waals and bonded interactions, respectively, of the dummy atom D with the rest. The removal of the van der Waals interaction is done by switching off the van der Waals parameters in a thermodynamic integration. In some previous calculations 92, 96 were estimated in terms of local properties by the method of Herschbach et al. 97 This yielded 92, 97, 98 where k B is Boltzmann's constant, V 0 and Λ D are the molar volume and thermal wavelength, respectively, of the dummy atom, r and Ψ represent the distance of the dummy atom to the flavin ring nitrogen atom (N5 or N1) and the angle between the two planes, D-N5(N1)-C7 and D-N5(N1)-C3, and K θ 
is the bending force constants for the two bond angles, D-N5-(N1)-C7(C3) and D-N5(N1)-C3.
Results and Discussion
3.1. Lumiflavin in the Gas-Phase. Although recent applications of SCC-DFTB have been successful 96, [99] [100] [101] [102] [103] to some problems, it is essential to validate it for the present kind of system. Here, we present SCC-DFTB results on the structures and the electron and proton affinities of a model FAD system, namely, lumiflavin (LF). Figure 2 depicts the relevant bond lengths obtained using B3LYP, AM1, and SCC-DFTB for the three redox states, including the neutral LF, the 1e -/1H + reduced form LFH • , and the fully reduced form LFH 2 . During 1e -/1H + reduction, a proton was added onto the N5 nitrogen (see Figure 3 for atom numbering), which increased the C4a-N5 bond lengths by 0.06 Å. Both AM1 and SCC-DFTB results are in agreement with the B3LYP values. Similarly, the C10a-N1 bond distance increased by 0.07 Å upon the second reduction and subsequent addition of the second proton to the N1 nitrogen ring. Again, both AM1 and SCC-DFTB models correctly reproduce this change. This shows that both SCC-DFTB and AM1 can adequately model the bond length variations during the reduction and protonation process.
A characteristic structural feature accompanying the flavin reduction is the formation of a butterfly-like configuration (Figure 4) . 5 The extent of this structural bending in the fully reduced hydroquinone, which lacks aromaticity, 104 has been proposed to be critical for the catalytic efficiencies of flavoenzymes. 5 Thus, the midpoint potential E m of FAD varies from -0.49 to +0.19 V in different flavoenzymes, largely responsible for the different reactivities of these enzymes. [6] [7] [8] For comparison, E m is -0.22 V in water. 105 If the butterfly bend angle, θ B , is defined as the angle between the planes of the pyrimidine and benzene six-membered rings, the computed structures give the bend angle as 155°in B3LYP, 157°in AM1, and 167°in SCC-DFTB. The SCC-DFTB model overestimates θ B by 12°i n comparison with the DFT value, whereas AM1 is almost perfect with respect to the B3LYP bending angle.
The electron and proton affinities calculated by M06-L, B3LYP, AM1, and SCC-DFTB are given in Table 1 . The calculated gas-phase energies with M06-L and B3LYP are within 5 kcal/mol. The AM1 model overestimates the first electron affinity (EA) of LF by 20 kcal/mol and underestimates the second EA by -5 kcal/mol. On the other hand, SCC-DFTB underestimates the EAs by -7 and -5 kcal/mol, respectively ( Table 1 ). Note that the second EA of the model compound LF is positive. For the three proton addition reactions, the SCC-DFTB results are in better agreement with B3LYP results than those from AM1. The differences from the B3LYP results for the LF -• f LFH • , LF 2-f LFH -, and LFH -f LFH 2 are 0, -5, and 0 kcal/mol, respectively, in SCC-DFTB calculations, and 20, 17, and 12 kcal/mol for AM1. For the overall 1e -/1H + (LF f LFH • ) and 2e -/2H + (LF f LFH 2 ) processes, SCC-DFTB results are 7 and 6 kcal/mol less exothermic, while they are 0 and 5 kcal/mol less exothermic in AM1 calculations (Table 1) compared to the B3LYP results. Thus, there is a good error cancellation in the AM1 method. These enthalpy differences may be treated as intrinsic errors of the approximate quantum models and used as corrections to obtain the best estimate of reduction potentials. The SCC-DFTB model yields better agreement with the DFT results than the AM1 model for the electron and proton addition reactions of lumiflavin.
Lumiflavin in Aqueous Solution.
The results for the aqueous standard free energies of reaction, that is, the bottom part of Schemes 1 and 2, were obtained from the thermodynamic cycles of the two schemes and are given in the ∆G°(aq) column a The quantity tabulated is the Born-Oppenheimer energy difference of products from reactants. It includes electronic energy and nuclear repulsion but not vibrational or thermal effects. b As previously established, 58 a value of -141.8 kcal/mol was used as the reference for the proton to account for its self-interaction energy in DFTB calculations. c A previously established value of 365.7 kcal/mol was used as the standard heat of formation of a proton. 94 of Table 2 . In addition, Table 2 also contains the comparative free-energy values, computed using the implicit and explicit solvent calculations. The overall 2e -/2H + free-energy changes in the implicit calculation for the reaction LF + 2e -+ 2H + f LFH 2 are -189 and -196 kcal/mol when calculated by M06-L/SM6 and B3LYP/SM6, respectively ( Table 2 ). The midpoint potential, E m , of lumiflavin, computed using eq 1 with n ) 2 and E°H ) 4.28 V, 66 is therefore equal to -182 mV with M06-L and -30 mV with B3LYP. These calculated reduction potentials are 77 (with M06-L) and 229 mV (with B3LYP) less negative than the experimental result 106 of -259 mV.
In the explicit solvent calculation, various electron and proton addition steps (Scheme 4) were carried out with SCC-DFTB/ MM. For these steps, the plots of the variations of the ensembled-averaged partial derivatives of the potential energy are shown in Figure 5 . Judging from these plots of the ensembleaveraged 〈U f -U i 〉 λ with λ, it becomes evident that the freeenergy derivative has a linear dependence on the net fractional charge of the redox center created by the coupling parameter λ. This is in conformity with the theory of a linear response 107 of the dielectric properties of an enzyme active site due to a change of the charge state at that site. In the explicit calculation, the 2e -/2H + free-energy change was found to be -190 kcal/ mol (Table 2) , which is very similar to the results of the implicit calculation. Using eq 1, the midpoint potential was calculated to be -160 mV and is within 100 mV of the experimental 106 value. Both implicit and explicit calculations showed that the N1 proton in the reduced hydroquinone is acidic. The standard free-energy change ∆G°(aq) for FH -+ H + f FH 2 was computed as -2, -4, and 4 kcal/mol using M06-L/SM6, B3LYP/SM6, and SCC-DFTB/ CHARMM, respectively. The pK a can be calculated from ∆G°(aq) using eq 18
The pK a obtained for the N1 proton of lumiflavin hydroquinone using the three methods is 1.5 with M06-L/SM6, 3 with B3LYP/ SM6, and -3 with SCC-DFTB/CHARMM. 109 for the reaction F + 2e -+ 2H + f FH 2 , in both cases with respect to the standard reduction potential of the NHE, which is 4.28 V. 66 The overall free-energy change is therefore equal to -191 kcal/ mol (eq 1). For the 1e -/1H + reduction (i.e., the F + e -+ H + f FH • reaction), only one group has reported observing an intermediate neutral semiquinone formation. 108 Although the amount of semiquinone formed during the two-electron/twoproton reduction process was small (∼20% of all of the species present), they were able to estimate the first reduction potential (E ox,sq ) for MCAD-FAD as -155 mV at pH 7.1. 108 Taking the standard free-energy change for the reduction reaction at the NHE as -98.7 kcal/mol (-4.28 eV), this potential corresponds to standard free-energy change of -95 kcal/mol.
The reduction potential of cholesterol oxidase (CHOX) is also available from the literature. 110 The reductions of oxidases 
(including CHOX) are distinctly different from those of dehydrogenases in the sense that the reduction in oxidases passes through a species F -• , the red anionic semiquinone, 6 as contrasted to the blue neutral semiquinone discussed in the previous paragraph. The reported E m for the overall 2e -/2H + reduction is -278 mV, 110 which amounts to a free-energy change of -185 kcal/mol, with the standard free-energy change for the reduction reaction at the NHE taken as -98.7 kcal/mol. The E ox,sq is reported as -222 ( 14 mV, 110 which corresponds to a free-energy change of ca. -94 kcal/mol for the F + e -+ H + f FH • reaction.
Free-Energy Calculations.
To obtain a 2e -/2H + reduction potential of MCAD-FAD and CHOX-FAD, analogous to the one already discussed for LF, the free-energy calculations for the two successive electron additions and two successive proton additions were carried out using thermodynamic integrations. Thus, representing the flavin ring of lumiflavin and the FAD-bound enzymes by a common name F (i.e., F ) LF or FAD), the calculation gives free energies for the steps denoted by F f F -• , F -• f F 2-, F 2-f FH -, and FH -f FH 2 (Scheme 4). The first two steps consist of two sequential electron additions onto the neutral F, producing F 2-. A proton was added first to the N5 nitrogen of the F 2-, followed by a second proton addition on the N1 nitrogen of the FH -. Since the free energy is independent of the path, the order of addition of the proton does not matter in this case, but it is relevant for the calculation of the 1e -/1H + potential, which is explained below. Free-energy changes for both proton additions were obtained by calculating the pK a 's for the respective protonated forms. Thus, to obtain a free-energy change in the F 2-f FH -step, the pK a of N5 nitrogen of the flavin ring was calculated, while for the FH -f FH 2 step, the free-energy change of the N1 deprotonation was computed.
To obtain the 1e -/1H + reduction potential, another thermodynamic integration was needed for the one-electron reduction of the FH • f FH -step. The free-energy change for the F f FH • process was calculated from the thermodynamic cycle in Scheme 4
The first two and the fourth terms in eq 19 correspond to electron addition processes, and the third one represents a proton addition. For the proton addition step, one faces an uncertainty: which nitrogen of the one-electron reduced FAD -will bear the added proton, N5 or N1 of the isoalloxazine ring ( Figure  1) ? It is known that in flavoenzymes, the flavin N5 atom is the locus in the uptake/release of redox equivalents. 104 Furthermore, solution NMR studies of flavin mononucleotide indicate that the pK a of N5 protons for fully reduced flavins is much higher (g20) than that of the N1 proton; 104, 111 therefore, the proton on the semiquinone radical will most likely reside on N5. Therefore, in the F 2-f FH -step, a proton was added onto the N5 atom of the isoalloxazine ring.
MCAD-Bound FAD.
The variations of 〈U f -U i 〉 λ with λ for various steps shown in Scheme 4 are plotted in Figure 6 . The free-energy estimates of various steps for the MCAD-bound FAD are given in Tables 3 and 4 , and the reduction potentials and pK a 's are given in Table 5 . Free-energy changes obtained from this study show that both electron-transfer steps occur with similar energetics. The computed free-energy changes are -81 and -76 kcal/mol for the first (F f F -• ) and the second (F -• f F 2-) electron-transfer steps, respectively ( Table 4 ). The calculated free-energy changes for the proton additions reactions were -16 kcal/mol (for the reaction F 2-f FH -) and -23 kcal/ mol (for the reaction FH -f FH 2 ). Therefore, the total freeenergy change for the two-electron/two-proton reduction of FAD in MCAD was calculated to be -196 kcal/mol (Table 4) . This corresponds to a value of -30 mV (Table 5) , taking a value of 4.28 V for the standard reduction potential for the NHE 66 and is ∼100 mV less negative than two independently reported experimental results on MCAD, which are -137 108 and -135 
a Calculated for lumiflavin using eqs 3 and 5.
b Calculated for MCAD-FAD using eqs 4a and 5. c Calculated for CHOX-FAD using eqs 4b and 5.
mV. 109 Although the differences between the calculated and experimental standard reduction potentials are 105-107 mV, they correspond to only ∼5.0 kcal/mol when expressed as freeenergy differences. Thus, the computed midpoint potential is quite consistent with the experimental results. The pK a of the N1 proton in the reduced (hydroquinone) state of FAD, calculated using eq 18, was found to be 17 ( Table 5) .
As noted earlier, the free-energy change of the process F f F -• for MCAD is -81 kcal/mol. The free-energy change for a proton addition to F -• contributes an additional -8 kcal/mol (Table 4) , and the net free-energy change for F + e -+ H + f FH • is -89 kcal/mol ( Table 4 ). The reduction potential E ox,sq , predicted from this computation for the oxidized f semiquinone step is -420 mV (taking the standard reduction potential of the NHE as 4.28 V), which may be compared with the experimental value of -155 mV. 108 The pK a of the N5 proton of the blue semiquinone in MCAD-bound FAD obtained from this computation is 6 (Table 5 ) and thus quite consistent with the observation 108 of about 20% blue neutral semiquinone in the electrochemical flavin reduction of this enzyme. Figure 7 shows the variations of 〈U f -U i 〉 λ versus λ for various steps, as described in Scheme 4. The free-energy change for the 2e -/2H + reduction of the CHOX-bound FAD is -192 kcal/mol ( Figure 7 and Table 4 ). The computed value for the midpoint potential, E m , is -117 mV (Table 5) , which has somewhat greater deviations from the experimental value of -278 mV than we found for other systems. 110 Recently however, a new value of E m ) -131 mV was obtained for CHOX using a different method of measurement. 112 Thus, of the three systems studied, the new E m value for CHOX shows the best agreement with its calculated value. The first reduction potential E ox,sq (for the 1e -/1H + process) was obtained as -507 mV, compared with the experimental result of -222 mV. 110 The calculated pK a of the semiquinone (FH • ) in CHOX in this work was 4 (Table 5) , which predicts that at neutral pH, the semiquinone in the active site of CHOX will be in its anionic form. The finding is in excellent agreement with the fact that oxidases, unlike the dehydrogenases, stabilize the anionic form of the flavin semiquinone. The pK a of the semiquinone was ∼4 units lower than that in the free aqueous state; the experimentally known pK a for the analogous FMN in aqueous solution was 8.55. 7,67 The computed pK a of the N1 proton of the fully reduced FAD hydroquinone was 17, similar to that observed in MCAD.
CHOX-Bound FAD.
Previously, Li et al. reported a reduction potential of -1299 to -1425 mV for F f F -• for FAD in CHOX. The first entry in Table 4 gives a computed value of -724 mV (-82 kcal/ 
-84 -82 mol), which is a similar estimate of the one-electron addition process. This is particularly interesting in that although both computations employ the same thermodynamic integration approach to obtain the standard-state free-energy changes in the enzyme, the computational details are quite different. In the work of Li and Cui, 92 molecular dynamics free-energy simulations were carried out using scaled charges on the protein and solvent. This yielded an intermediate free-energy change for the electron addition reaction. Then, a Poisson-Boltzmann continuum electrostatic calculation was made by charging the scaled system to the real values of the standard CHARMM22/TIP3P force field. This procedure was designed to provide good control over the dielectric screening effects in modeling charge annihilation and creation. 113 In the present study, we employed a simple Born correction to account for the long-range electrostatic effects, whereas the simulations were performed employing standard force field parameters. The agreement between these two approaches suggests that free-energy simulations can be performed without the additional step of the charging process in the present system.
Effect of Enzyme Environment.
The bend angle (defined in section 3.1) of the oxidized (neutral) flavin in the aqueous phase is 171°. In contrast, the bend angle (θ B ) of the neutral oxidized flavin in MCAD-FAD, averaged over 500 conformations of equilibrated MD simulations, is 162°( Figure  8a ). This demonstrates that the flavin is even more bent than in the reduced hydroquinone state in aqueous solution (θ B ) 167°; see section 3.1) and only 7°less bent than in the fully reduced state in MCAD (θ B ) 155°; Figure 8b ). The significant bending of the unreduced flavin in MCAD, illustrated in Figure 9a , is a consequence of strong stereoelectronic interactions of the isoalloxazine ring with four aromatic residues, Tyr133, Trp166, Tyr375, and Phe356, from the second subunit. The flavin ring atoms, the exocyclic oxygen O2, the proton bound to the ring nitrogen N3, and the exocyclic O4 are hydrogen bonded to Val135 (backbone amide proton), Tyr133 (backbone carbonyl), and Thr168 (backbone amide proton), respectively, as shown in Figure 9a .
In CHOX-bound FAD, the flavin ring and its exocyclic substituents interact with three aromatic residues, namely, Tyr107, Tyr446, and Phe487, as shown in Figure 9b . As in MCAD-bound FAD, the exocyclic O2 atom, the proton bound to N3, and O4 have strong hydrogen-bonding interactions with the backbone amide proton of Phe487, the backbone carbonyl, and amide protons of Met122, respectively, in CHOX. The average bend angle (θ B ) of the oxidized (neutral) flavin in CHOX is 163°, which is similar to the average bend angle observed in the MCAD-bound state.
If the bend angle of flavin is considered to be an indicator of the ease of flavin's reduction, 5 then one would expect that the reduction of flavin in the MCAD-bound flavin would be the most favored one among the three systems, namely, aqueous lumiflavin, CHOX-bound FAD, and MCAD-bound FAD. The present calculations demonstrate that this is true. For MCAD, the free-energy change in the 2e -/2H + reduction reaction of flavin (F + 2e -+ 2H + f FH 2 ) is -196 kcal/mol, which is 6 kcal/mol more negative than that for lumiflavin in the aqueous state (Table 5 ). To verify if the flavin bending is abetting the ease of reduction, we calculated the gas-phase single-point energy of the bent oxidized flavin structure as observed in MCAD. Following a procedure used earlier by Walsh et al., 5 the bent optimized flavin structure was obtained by constraining two dihedrals, N1-N10-N5-C6 and C9-N10-N5-C4, to 176 and -159°, respectively, as they appear in the MCADbound state. The M06-L/6-31+G(d,p) single-point energy of the bent structural form of the oxidized lumiflavin is 5 kcal/ mol higher than that in the normal one. The fluctuations of bend angles with conformation number, computed from the stored structures in the trajectory of MCAD-FADH 2 MD simulations, are shown in Figure 8b . The computed average (over 500 conformations of the MD simulation) bend angle of the reduced flavin (FH 2 ) in MCAD is 155° (Figure 8b ) and is equal to the gas-phase bend angle of the reduced lumiflavin calculated with B3LYP/6-31+G(d,p), which is 155°(section 3.1). Since the reduced forms of the aqueous and MCAD-bound structural forms have identical bend angles, the two fully reduced forms are not expected to differ in terms of the energetics. Thus, the destabilization of the oxidized state (5 kcal/mol) alone accounts for the 6 kcal/mol decrease in the total free-energy change of the reduction process as observed in the MCAD-bound flavin.
Concluding Notes
Using the SCC-DFTB/CHARMM potential, we have carried out MD simulations of the various reduction steps of flavins in aqueous and enzyme-bound states. The computed midpoint potentials for the 2e -/2H + reduction of three systems, namely, lumiflavin, MCAD-bound FAD, and CHOX-bound FAD, show reasonable agreement with experimental 106, 108, 110 results. The computed potentials are -160 mV for lumiflavin, -30 mV for MCAD-FAD, and -117 mV for CHOX-FAD, which are 100, 105, and 161 mV more positive, respectively, than the corresponding experimental 106, 109, 110 values. (See also ref 112 .) The computed 1e -/1H + reduction potentials agree moderately well with the experimentally determined values 108, 110 for these two enzyme systems. The computed potentials are -420 mV for MCAD-FAD and -507 mV for CHOX-FAD. These results are 265 mV (for MCAD-FAD) and 285 mV (for CHOX-FAD) more negative than the experimental data. 108, 110 We conclude that the parametrized SCC-DFTB/MM method provides an inexpensive way to predict the midpoint potentials for the 1e -/1H + and 2e -/2H + reduction of flavoproteins from their crystal structures.
The calculated pK a for the N5 proton of lumiflavin semiquinone is 4. The predicted pK a for the N5 semiquinone proton for cholesterol oxidase is also equal to 4, which is 4 units lower than that for FMN in the aqueous phase. 7, 67 This suggests that the anionic semiquinone bound to the active site of the CHOX is stabilized by the enzyme; this result is consistent with the hypothesis 6 of exceptional stabilization of anionic semiquinones by oxidases. The predicted pK a of the N5 proton of the semiquinone in MCAD-bound FAD is 6, which suggests that the semiquinone is almost neutral at the active site of MCAD. This agrees with the experimental observation 108 of a small amount (20%) of blue (neutral) semiquinone during the electrochemical reduction of MCAD-FAD.
The N1 proton of lumiflavin hydroquinone is predicted by the SCC-DFTB/CHARMM calculations to be highly acidic (pK a equal to -1.5) and will thus be completely dissociated, which is expected 106 for flavins. However, the computed pK a 's of the two enzyme-bound hydroquinones are quite high, ∼17 for both MCAD and CHOX because the flavin is buried deep into the enzyme pocket with much less solvent accessibility. 114 The SM6 implicit solvent calculations on aqueous phase enzyme-free lumiflavin differ by less than 1-5 kcal/mol from the results obtained by the explicit solvent SCC-DFTB/MM calculations. This gives added confidence in both treatments. SCC-DFTB predicts accurate bond lengths but is not accurate, when compared to the higher-level DFT calculation, in predicting the equilibrium bend angle after reduction of FAD. Nevertheless, the proton and electron affinities calculated by SCC-DFTB appear to be quite accurate for FAD, and the performance of SCC-DFTB in the reduction potential and pK a calculations is satisfactory.
The response of an enzyme matrix to a chemical event such as catalysis, oxidation, reduction, or a protonation/deprotonation event involves a combination of geometric, electrostatic, and correlation energy changes in the active site surroundings. The net effect is called reorganization. Reorganization includes electronic polarization and displacement of atomic groups. 107 Therefore, both enzyme reaction rates as well as driving forces are influenced by the geometric and dielectric properties and dispersion-like interaction energies of the active site. 115, 116 For a redox-active enzyme, such as MCAD or CHOX, the driving force is directly related to the reduction potential as well as the pK a of the cofactor and thus is expected to be sensitive to the protein matrix.
It is possible, to some extent, to deconvolute the geometric effects from the electrostatic and dispersion-like effects. For example, in MCAD, it has been observed that the flavin ring geometry is controlled by four hydrophobic residues; this environment results in a significantly bent structure of the enzyme-bound flavin (Figures 8a and 9a) , even in the unreduced state. We have explored the contribution of this bent flavin structure (as observed in MCAD) on its reduction potential (section 3.4). We found that bending significantly (∼5 kcal/ mol) destabilizes the oxidized state, and thus, the bend angle is a key indicator of the geometric effects of the enzyme matrix on the FAD reduction potential. Other geometric effects such as hydrogen bonding can also be explored by performing suitable mutations 45 on the active site and computing their effects on FAD reduction potentials and pK a 's. The electrostatic contributions of residues can also be quantified by zeroing their charges and computing the free-energy changes. 38 Extending the study to include such calculations might help identify other interactions that are important for determining the reduction potentials and pK a 's of FAD in these enzymes. One question we have not examined is how the enzyme effect on the reduction potential of the cofactor modulates the ability of the cofactor (coenzyme) to serve as an oxidation-reduction catalyst. Since the electron is transferred from the substrate to the flavin in the catalytic process, substrate binding is also expected to have a major influence on these cofactor properties. In order to explore the interconnections between catalysis and the enzyme modulation of the flavin reduction potential, the simulation would have to be extended to a substrate-bound enzyme.
In addition to showing that the SCC-DFTB/MM calculations can predict the free-energy changes of the flavins' various electron-and proton-transfer reactions reasonably accurately for both the free flavin and the two enzyme-bound flavin systems, the present study also has important biological implications resulting from the observations of the role of the enzyme environment. The two charge-transfer steps (the electron addition and the proton addition) of a coupled electron-proton-transfer process can be stepwise or concerted. 1 The first mechanism, but not the second, can involve an intermediate, and conversely, the stabilization of an intermediate favors the first mechanism over the second. The present study implies that a semiquinone intermediate intervenes in the first coupled electron-proton transfer in all of the three flavin systems studied, namely, the free flavin (lumiflavin), the dehydrogenase (MCAD-bound FAD), and the oxidase (CHOX-bound FAD). As observed in this study, the pK a 's of the flavosemiquinones (F -• ) range from 3 to 6 (Table 5) . Thus, the anionic semiquinones are predicted to be stabilized at neutral pH for all three flavin systems, the neutral protonated form being slightly more favored in the dehydrogenase system. The question whether these two chargetransfer processes (electron and proton additions) are concerted or discrete is a question of kinetics and cannot be answered definitively by computing energies of stable and metastable species. However, to the extent that one can draw kinetic inferences from thermodynamic calculations, the stability of the anionic hydroquinone implies that in all the three cases, the
